Abstract-This research is in line with an important comment from the first amputee who tried the prosthetic hand with tactile feedback developed within the Smarthand project [1]. While trying the system with tactile feedback the patient said: "It's a feeling I have not had in a long time. When I grab something tightly I can feel it in the fingertips. It's strange since I don't have them anymore! It's amazing." We describe here the instrumentation and methods for testing the abilities of humans to discriminate sensations generated by electrical stimulation applied to the skin on the forearm. The instruments allowed testing of electrical stimulation with various properties (pulse duration, intensity, and rate). We tested the perception and pain thresholds, with the emphasis that comfortable sensations are a must. During the tests subjects were asked to locate the point on the skin that was stimulated and describe their perception of the elicited sensation. Results of first tests with small concentric electrodes suggest that non-amputees can distinguish up to seven perceptual qualities (the most common one was vibration, followed by tingling and tickling). Certain sensations had a higher occurrence rate along one axial line of the forearm than another of the forearm. In terms of spatial acuity, the subjects had more difficulties in distinguishing between the positions in the axial direction of the forearm compared with the circumferential direction. These results guided the design of the new array electrode with multiple cathodes and anodes positioned circumferential to the forearm. The results of the tests conducted with this electrode design showed high location discernment accuracy, and demonstrated the ability to memorize and later accurately recall six different electrical "messages" created by delivering electrical stimulation onto three different electrode pads with two different stimulation parameters.
Upper limb prosthesis should enable an amputee to regain hand function and thereby reintegrate into the society effectively. The acceptance of the prosthetic hand depends on the benefit/cos t ratio. More precisely, the prosthesis must provide function that overcomes the burden of using the assistance at the level of user satisfaction. Almost 50% of unilateral transradial amputees refuse to use the prosthesis because the benefit/cost ratio is too low. Using the stump directly as assistance to the contralateral existing hand is in many cases effective, especially since the stump provides feedback to the user, which is not the case with the available prostheses.
Although the idea to close the loop is not new (it was quite a popular research topic in 60's and 70's of the last century [2] ), there are still no devices on the market or within the research environment that provide a successful solution for the users and care health providers.
Two stimulation modalities were tested most often: a direct mechanical stimulation using small vibration devices [3] [4] [5] [6] [7] and electrical stimulation using concentric electrodes [8] [9] [10] . Alternative methods were tested as well, such as acoustic feedback [11] .
The approach taken in this research was not to generate sensation that normally occurs while touching, but to test the ability of humans to discriminate new sensations, and later learn to interpret those at the subconscious level as a touch by the hand (artificial exteroception). This idea follows the neuroscience findings related to cortical plasticity: information about the environment and state of the system delivered in a different modality or to a different location on the body can be "understood" by the brain after training. The information in our case is delivered via electrical stimulation. Successful substitution of sensation will be achieved when subjects no longer perceive the stimulation as an abstract signal but instead as an extension of their sense of touch. We also propose that these sensations should play an important role as an increment in the benefit/cost ratio.
Tashiro and Higashiyama [12] tested the quality of sensations that can be elicited using single channel electrotactile stimulation with the electrode placed on the volar side of the wrist in the vicinity of the ulnar nerve. As the current intensity increased, the sensations reported by the healthy subjects shifted from touch or pressure through prick and sting to deep pressure. In a recent study [8] , perceptual qualities of multichannel electrical stimulation were investigated. The conclusions from this study (conducted on 12 healthy subjects) were that for maintaining a consistent perception threshold, dual-channel simultaneous stimulation with at least five pulses should be used, and that the interleaved time between two electrodes should be longer Another recent study explored the possibility of transferring peripheral tactile stimulations from a prosthetic hand to the forearm skin using a tactile display based on digital servo motors [13] . They established high location discernment accuracy, high capacity to distinguish three pressure levels and a somewhat lower success rate in recognizing a simulated grip. The authors drew the attention to the fact that existence of some sort of "stump hand map" is relatively common in amputees and that, where possible, this should be utilized when placing the feedback system. Stump hand map refers to the phenomenon that touching specific areas of the stump is perceived by amputees as touching different fingers of the missing hand.
We present here the results of the study in which we tested the dynamic range, spatial acuity and the quality of elicited sensations that could be obtained by electrical stimulation via an array electrode positioned over the forearm. The tests were guided by the plan to locate the appropriate electrodes positions and layout which allow the memorizing and recalling of the sensations induced by electrical stimulation. The idea is that each memorized sensation is associated with the specific grasping event assessed in real time by sensors mounted in the prosthetic hand.
II. EXPERIMENT I

A. Methods and Materials
A squared matrix (9 x 7.5 cm) with 4 rows perpendicular to the direction of the forearm and 3 columns along the forearm was positioned on the forearm (Figs. 1 and 2 ). The matrix comprises 12 concentric electrodes (D = 15 mm) with the small circular cathode in the center and circular anode on the periphery. This electrode was designed by Tecnalia Serbia Ltd, Belgrade, Serbia. The matrix was covered with a single sheet of adhesive, conductive gel (AG702, AmGel, Axelgaard Manufacturing Co, USA) with narrow rings cut out of the gel between cathodes and anodes. Each cathode was connected to a stimulator through a switchboard. The stimulator (TremUNA, Una Sistemi, Belgrade, Serbia) generated monophasic compensated pulses controlled online (pulse amplitude: I = 0 to 5 mA in steps of 0.1 mA, pulse rate: f = 8 to 400 pulses per second (pps) in steps of 8, pulse duration: T = 10 to 500 μs in steps of 10 μs). The software controlling the stimulator was developed in the LabVIEW environment.
The experiment was conducted on ten able-bodied subjects (4 males and 6 females, 28.5 ± 16.5 years of age) and one amputee (male, 62 years of age). All subjects signed the consent form that was approved by the ethical board of the clinical partner in this research. Each subject was sitting with the forearm relaxed on the desk. The top end of the matrix was positioned on the volar side of the forearm at about 30% of the forearm length from the elbow (Fig. 2) . The electrodes in the array were activated randomly. The intensity of stimulation (pulse amplitude) at T = 100 μs and f = 256 pps that led to a pleasant sensation was used in the continuation of the measurements. This pulse amplitude varied between subjects from 1.5 to 3.0 mA. The analysis was done while changing the pulse rate and the charge per pulse (pulse duration).
The subject was asked if he/she was able to distinguish which pad (electrode) on the forearm was activated and to associate the elicited sensation with one of the seven modalities: 1) vibration, 2) touch, 3) pressure, 4) tingling, 5) tickling, 6) itching and 7) pinching.
B. Results
Each of the subjects reported sensations of at least four, and up to seven different modalities, depending on the pulse rate and the pad position within the matrix.
Summed over all subjects, dominance of vibration was noticed, followed by tingling and tickling. Subjects were also able to identify sensations of touch, itching, pressure and pinching, with itching being reported only seldom. The pie chart in Fig. 3 shows the sensations most frequently reported for each pad. The number represents the occurrence of each sensation with respect to the total number of sensations.
When asked to pinpoint the site on the skin from which the stimulus originated, the subjects were most successful in correctly identifying stimulation coming from the sites close to borders of the electrode, and particularly the ones closest to the elbow crease. This result was the pointer for the design of the new generation of electrodes to be used in this research (Experiment II). Fig. 4 shows the percent success rate in correctly locating the pad that has been stimulated. The subjects were significantly more successful in pinpointing the origin of the stimulus when allowed to look at the electrodes. We also noticed an improvement throughout the course of the session.
As can be seen from Fig. 5 , the participants had more difficulties to distinguish between the positions along the axial direction (columns) of the matrix compared with positions along the circumferential direction (rows). As said, this led to the design of a new electrode to be used in Experiment II, with more columns and fewer rows, placed circularly around the arm. 
III. EXPERIMENT II
A. Methods and Materials
This part of the study used a multipad electrode with 2 rows perpendicular to the direction of the forearm, with 8 cathodes in each row (8 columns), and 7 interconnected anodes separating pairs of cathodes (Fig. 6) . The electrode was connected to the INTFES stimulator (Tecnalia, Spain), which was controlled via a built-in touch-screen display. The electrode was covered with a sheet of adhesive conductive gel, cut out between anodes and cathodes to prevent contact between the two. The electrode was placed at about 30% of the forearm length from the elbow, with the connector facing the palm, and pads numerated as 15 and 16 lying next to the ulna. (Fig.  7) .
B. Spatial discrimination
The tests were conducted on five able-bodied subjects (3 females and 2 males), and subsequently on a male amputee (age 62). The amplitude of the stimulation signal was chosen so that it is well above the perception threshold to allow for easier distinction between qualities and locations of the induced sensations, and enough below the intensity that would cause any unpleasant sensations. Pads were activated in a random order, and the subjects were asked to pinpoint the location of the stimulus. Since preliminary tests showed that the percentage of correctly recognized locations of the stimulus origin was not satisfactory, the tests were conducted using only 8 out of 16 pads of the electrode -those forming a zigzag pattern starting from pad No. 2 (Pads 2, 3, 6, 7, 10, 11, 14, 15). The inter cathode distance in zigzag pattern (3.2 cm) is in accordance with the average two-point discrimination distance in the forearm [14] . C. Sensation discrimination As a follow up of the test described in Section A of Experiment II, the subjects were prompted to choose 3 pads on the multipad electrode, that they feel they can identify with the least difficulty. Stimuli with two sets of parameters (number of pulses per second and pulse duration, ranging from 100 to 400 pps and from 200 to 300µs respectively), chosen according to the difference they make in produced quality of sensation, were then presented to the subjects for each of the three pads, and repeated several times. The subjects were asked to memorize the two different sensations these two sets of parameters caused for each pad, in order to be able to recognize them later, when the pad and parameter set were chosen and activated in a random fashion.
D. Results
The use of the new electrode design drastically increased a success rate of correctly identifying the location of the stimulus compared with the previous configuration. (Table I) After choosing 3 pads within the multipad electrode and conducting the learning session, the subjects' efforts to recognize applied stimuli and location in random fashion were summarized in Table II . To facilitate the learning process, the subjects were advised to give names to the sensations felt as a result of the parameters used, or differentiate them by intensity.
When the parameters were set appropriately, four out of five subjects were able to memorize and correctly guess each spot and the parameters of the stimulation. One subject (whose results are shown in Table II ) made only one mistake. It was noticed that with low amplitudes of the signal, little above the perception threshold, the change of pulse width and pulse rate did not cause sensations different enough for the subjects to distinguish them without direct comparison one right after another.
The tests conducted on an amputee also gave satisfactory results (Table III) . In addition, the patient was asked to contract muscles of the tested arm that would have resulted in opening and closing of the hand, or moving the thumb, had the hand been present, while electrical stimulation was applied. He reported sensations as a result of the afferent stimulation to be the same pre, during and post muscle contractions. The results of the tests pre and post contractions are in Table IV . The stimulation did not influence the subject's ability to contract his forearm muscles that would be used for myoelectric control of an active hand prosthesis. 
IV. DISCUSSION
The basis of the approach of using electrical stimulation with surface electrodes to activate afferent fibers follows the fact that the skin is the body's largest sensory organ. It contains free nerve endings and specialized receptors in the three superficial layers that sense heat and cold, pain, touch/pressure and vibratory stimuli. Somatic sensibility coming from the skin has three major modalities: discriminative touch (required to recognize size, texture and shape of objects and their movement across the skin), nociception (the signals of tissue damage or chemical irritation typically perceived as pain or itch) and temperature sense (hot and cold).
Pulsed electrical stimulation applied via small cathode and anode positioned on short distance generates low current pulses that are activating afferent fibers. There is no rule of thumb which fibers would be activated. In parallel, the fibers that would normally send signals to the central nervous system from the hand are not at the surface of the forearm; thereby, electrical stimulation of the forearm activates afferents that are not used for the appreciation of the grasp.
However, the brain is capable of learning if adequate training is provided. There are numerous studies which show the specific reorganization of the cortical areas based on the specificity of the task (e.g., violin players [15] ).
This study demonstrates the ability of distinguishing sensations elicited as a result of electrical stimulation on the forearm with respect to the pulse charge, pulse rate, and position of the activated pad within a multipad electrode. Although there are substantial inter-subject differences, it was clear that different stimulation parameters cause different sensations that are recognizable by all patients. The most frequently reported sensation was vibration, followed by tingling and tickling, with certain sensations being more dominant in one column of the multipad electrode than another. Namely, with the presented position of the multipad electrode on the forearm, the sensation of touch was more common in column #1 (pads 1, 4, 7 and 10), the sensation of tingling slightly more present in column #2 (pads 2, 5, 8 and 11), whereas tickling was more often reported in column #3 (pads 3, 6, 9 and 12), and particularly on pad #12.
We found that subjects had more difficulties to distinguish between the positions along the column (axial direction), which led to the conclusion that the electrode that would be suitable for afferent stimulation of the transradial amputee should have a form that is circular around the forearm. Such an electrode was created and experiments were conducted to test this hypothesis. It appeared that using all of the pads still did not give satisfactory results, but activating only those pads that form a zigzag pattern on the electrode yielded a very high success rate in correctly recognizing the location of the stimulus (above 80% and for some pads this percentage was as high as 100%).
Using this configuration, we tested the ability of the subjects to memorize 6 different "messages" created by delivering electrical stimuli with 2 sets of parameters on 3 custom chosen pads. Able-bodied subjects performed this task with nearly no mistakes. The results of the test conducted on an amputee were not as flawless, but still quite satisfactory. We tested the ability of the patient to recognize the site and intensity of sensations caused by electrical stimulation while contracting the muscles of the tested arm. This test was done to assess if the electrical stimulation would not prevent patients from using the muscles to control the operation of the prosthesis. The results show that lowlevel afferent electrical stimulation did not prevent the ability of the subject to produce EMG patterns normally required for the control of the myoelectric prosthesis.
Further experiments ought to test the ability to associate different electrical messages with events on the prosthetic hand (such as the types of grasps performed) and memorize this link (subconscious level) for a longer period of time.
V. CONCLUSION
In this work we investigated the intensity and types of sensations induced by electrical stimulation while we altered parameters of stimulation: pulse charge and rate. If pulse charge was increased, the intensity of sensation was increased. The change of pulse charge and rate provided distinguishable difference in the quality of sensations.
After several trials during the measurements, the subjects were able to correctly recognize the pad better than at the beginning of the session, indicating that the training period allowed them to learn to distinguish sensations induced by different pads. This finding suggests that the prolonged stimulation that is associated with the specific instruction would likely result with subconscious association of the sensation with an event (touch, temperature, vibration, etc.).
It was shown that the best accuracy rate was achieved on the corners of the electrode matrix, and that it was easier to discriminate stimuli in the circumferential than axial direction, thus we modified the interface and used a new matrix electrode with two longer rows circular to the forearm The perception of different sensation modalities was unchanged, but the spatial discrimination was still not satisfactory (lower than expected), so the zigzag configuration of electrode pads was further tested. This yielded satisfactory results with regard to the ability to spatially discriminate origins of the stimulus.
Further measurements involved a test to see whether subjects could learn to memorize different sensations elicited by stimulation on different pads and with different stimulation parameters. Though the spatial-discrimination results suggest that this would be possible for all 8 pads in the zigzag pattern, this would have been highly timeconsuming, so the memorization tests included 2 sets of parameters applied onto 3 different locations on the forearm. As expected, the subjects always correctly pinpointed the location of the stimulus, but in rare cases confused the intensity/quality of the applied stimulus. The tests were conducted on able-bodied subjects as well as one amputee. We observed that contracting the muscles of the tested arm did not adversely affect the ability of recognizing the location and intensity of sensations caused by electrical stimulation, nor did the stimulation prevent the subject from contracting residual muscles in his forearm.
We find these results to be an encouraging step on the path towards integration of electrical stimulation into hand prosthetics systems with feedback.
It remains to be determined just how exactly the electrodes and the stimulator are to be mounted on a patient's arm. The number of needed electrode pads depends on the desired number of messages to be delivered (this might involve the type of grasps performed, hot/cold or tight/loose information). If the desired number of electrodes is low, the configuration need not be a matrix, but separate electrodes that would be placed on independent, meticulously chosen spots so that they cause perception of most pleasant and most easily recognized sensations. If the number of electrodes is higher, they should be placed in a zigzag pattern around the forearm or with inter electrode distance of at least 3.2 cm. The increase in the number of possibly activated pads increases the training time. Mounting electrodes on the upper arm of the patients may also come as an option (Fig. 8) .
Initial tests suggest that upper arm afferent stimulation results with similar abilities for the distinction of the stimulation site and the intensity of stimulation, but remains to be studied further.
